We consider the conundrum of generating de Sitter space from higher-dimensional geometry, with particular attention to KKLT-type constructions [3] and their 5d implications. We show that even in the probe approximation with small g s , a consistent higher-dimensional solution requires a deformation of a modulus field playing the role of a Goldberger-Wise stabilizing field in Randall-Sundrum type geometries that occurs through a shift in a the throat length. We identify the light radion field that sets the length of the throat, whose origin is the dynamical conifold deformation parameter. By analyzing the theory as a 5d model of mismatched branes in AdS5 space with a GW stabilization mechanism, we show how energy (and supersymmetry breaking) is transferred to both the IR and UV regions of the throat to generate a consistent 4d de Sitter sliced geometry. This should help resolve some of the recent apparent paradoxes in explicit higher-dimensional constructions. Moreover, the radion gives insight into the potential for the previously identified "conifold instability". We argue that this instability would be a destabilization of the potential for the radion in KKLT, which can occur when the perturbation is too large. If indeed √ g s M is too small, the radion would enter on its runaway direction and the conifold deformation would shrink to zero size. It is difficult to satisfy the required bound and a) maintain a hierarchy in the simpler CY manifolds and b) complete the cosmological phase transition into the stabilized throat, We also discuss the implications of this type of setup for supersymmetry breaking, and how multiple throats can introduce hierarchies of supersymmetry breaking masses, even in an anomaly-mediated scenario. In an appendix we consider general compactification constraints.
1 Introduction
Ever since the discovery of the acceleration of the expansion of the universe [1, 2] , physicists have puzzled over the origin of de Sitter space. Especially in string theory, finding stable de Sitter solutions poses a a problem since the only known way to control solutions is through supersymmetry and supersymmetry explicitly forbids de Sitter solutions. Of course we do not know if compactification happens nonperturbatively at the string scale or in a controlled manner at low energies. It is nonetheless of interest, both phenomenologically and theoretically, to see if any consistent perturbative fully stabilized de Sitter solutions exist. Kachru, Kallosh, Linde and Trivedi (KKLT) [3] deal with this problem in a clever manner. They produce 4d AdS space in which most moduli are stabilized by flux [4] and the volume modulus by a gaugino condensate which then gets uplifted by an energy that essentially cancels this contribution and adds a bit more to produce de Sitter space. (See also [6] for alternative constructions.) However, there has been a longstanding debate over consistency of these solutions. Despite the compelling low energy 4d arguments, people viewing the model from a 10d perspective have found potential inconsistencies (See [5] and references therein). Some authors object to the stability of the antibrane or NS5 brane, some argue for inconsistencies in the geometry such as singularities away from the antibrane, some argue for the inability to find a solution when there is a time-dependent background, and some argue for a backreaction on the volume modulus from the antibrane. A particularly intriguing result was that of [58] , which found a potential throat instability with an antibrane perturbation.
On the other hand, Polchinski [15] as well as Kachru, Kim, McAllister and Zimet [16] argued that the antibrane interaction with the D3 branes that create the throat is suppressed, and Ref. [17, 19] consider more explicitly the metric with the antibrane included so this might seem to end discussion. Ref. [16] furthermore addressed some of the issues with gaugino condensation, but did not include the explicit higher-dimensional geometry in the presence of the antibrane. Ref. [16] also studied potential instabilities in the zero mode of various moduli and argued they were not present. Most significantly, KKLT and followers argue for the probe approximation, according to which no interactions perturb the straightforward interpretation in which the only consequence of the antibrane is to uplift the energy to generate a consistent 4d theory.
But the last statement raises an important question from a higher-dimensional perspective. Unless the uplift energy can be redistributed within the bulk, from a 5d perspective, the IR and the UV would have incompatible boundary conditions. Clearly a stabilized solution should be able to adjust albeit by a small amount, but this adjustment has not been obvious in the probe approximation and has been neglected in many explicit 10d calculations.
Another potential problem is the "conifold instability" identified by [58] . Here the concern is that the minimum value of g s M 2 consistent with stability is bigger than the maximum value allowed when there is a reasonable hierarchy and a stringent tadpole constraint on total flux. For overly small g s M 2 (but within the range where supergravity is trustworthy) the conifold would be destabilized by the antibrane perturbation.
In light of these debates it is worthwhile to investigate the construction from a strictly gravitational viewpoint to see where at least some of the the challenges might arise. Simplifying also sometimes helps see the solutions. However, the challenges of a fully 10 d construction have prevented previous authors from fully working through all the elements of the theory. Here we focus instead on a five-dimensional construction that is rich enough to incorporate many of the critical features of the full 10 d theory and shed light on many of the most interesting and controversial features.
The advantage of a five-dimensional construction is that it is simple enough that the relevant features of some of the controversies can be identified and furthermore that the stability and consistency of 5d Randall-Sundrum (RS) [26] constructions has already been studied in detail, as has the possibility of "slicing" 5d AdS space with different maximally symmetric 4d spaces, namely Minkowski, de Sitter, and Anti de Sitter. Without changing the bulk energy-momentum tensor, the boundary conditions in the UV and the IR entirely determine which slicing is consistent and hence the 4d geometry. We can translate and expand on many of these results in the KKLT context to better understand the theory and its potential limitations.
In particular, we exploit knowledge of how the Goldberger-Wise mechanism works, and how a light radion field allows for the requisite (small) adjustment of a heavy modulus to show why the higher-dimensional geometry is consistent even in the presence of apparently inconsistent boundary conditions. One critical observation here is that even though structure moduli get heavy masses, modes that live in the IR region of the throat are nonetheless light. The radion has a mass comparable to KK masses in the IR region of the throat, and can adjust in the presence of a perturbation to reconcile the full geometry. Energy does redistribute to maintain consistent boundary conditions through a perturbation to a radion field that yields a slight perturbation to a modulus associated with flux in the throat. We will show how including an explicit radion field that stabilizes the throat geometry gives insight into how the uplift energy gets redistributed throughout the bulk.
The radion also allows us to explore the possibility of an instability in the presence of the antibrane. This is not an instability in the volume modulus, but an instability in potential for the radion itself, which would destabilize the IR region of the throat. We identify the 5d radion that determines the 5d throat length as the avatar of the conifold deformation parameter of the higher-dimensional geometry, which becomes dynamical through its effects on the warp factor of the 4d geometry. We argue, in agreement with [58] , that indeed if g s M 2 is too small, the antibrane can destabilize the geometry through setting the radion on the runaway direction. Furthermore, large M introduces a potential cosmological issue which we will discuss. Since g s M should be large for the supergravity approximation to be trustworthy, it is not clear this is truly a new constraint. Nonetheless it is important to have a specific value of g s M 2 that can be explicitly identified where the construction breaks down as this value is larg(ish), of order 46, with the constraint essentially targeting a number a bit bigger than (2π) 2 .
We also use the 5d perspective to gain additional insight into the communication of supersymmetry breaking in this type of theory. We argue that the theory has sequestered supersymmetry breaking and hence anomaly-mediation, aside from direct communication through the volume modulus. The radion also shifts in the presence of the perturbation, in just such a way to accomplish the uplift redistribution of energy we have already mentioned.
We consider KKLT solutions from a 5d perspective since the antibrane explicitly relies on a warped throat in 5d. We simplify to a simple two brane situation which captures the relevant 5d features. A similar approach was taken in [22] , but they did not include the antibrane or explicitly identify the full radion potential in the effective 4d theory. We use mismatched branes in an RS-like geometry as a proxy for the true KKLT setup, with a Calabi-Yau (CY) cutoff carrying undercritical energy and an IR region carrying energy that is overcritical. We argue based on simple warped geometry considerations that KKLT-like constructions superficially appear problematic in that with static coordinates (without any additional energy-momentum tensor contributions) we need to smoothly match distinct 4d boundary geometries, but this problem can be addressed, even in the probe approximation by suitable field adjustments. We show that in order to see the effect of the uplift in the higher dimensional geometry, the light radion that has been omitted in most analyses and is necessary to see consistency in the higher-dimensional geometry. We show that even in the probe approximation, the 5d geometry does change, but essentially only at the "boundaries" (the conifold end and the boundary between the CY and the throat). We show how incorporating the radion clarifies the role of a Goldberger-Wise-like mechanism and permits the required uplift energy to be present both in the UV and the IR so that the theory can consistently be sliced with four-dimensional de Sitter space. We also show how this is reflected in the communication of supersymmetry breaking. The radion develops a (SUSY-breaking) VEV, leading to energy and SUSY breaking both in the UV (through distorting a heavier modulus field) and in the IR. This does not change the 4d analysis but is essential to a consistent higher-dimensional construction.
We also consider supersymmetry breaking more generally in this type of construction and show how supersymmetry breaking is transmitted with a particular focus on anomalymediation. Furthermore, in geometries with different throats or complicated warping even anomaly-mediated masses can have very different sizes.
Our 5d construction has some overlap with those of [13, 36, 37] who found challenges getting a 10d solution due to inconsistency of the flux generated by the CY and the antibrane. Apparent inconsistencies in explicit solutions are likely due at least in part to not fully including the backreacted geometry through the change in the stabilizing moduli, which is among the reasons why the 5d analysis can be so fruitful..
We begin by summarizing KKLT and interpreting it from a 5d perspective. We then argue that mismatched branes in warped AdS is an approximate characterization of KKLT and show why the static solution would be inconsistent in the absence of stabilization. We discuss the Goldberger-Wise stabilization mechanism for RS-type models and its implications for the KKLT construction. We show how this allows a consistent construction (from a 5d perspective) and argue that the boundary terms correspond to supersymmetry breaking communicated throughout the space. We then discuss more generally supersymmetry breaking and how it is communicated, with particular emphasis on anomaly medition some interesting possibilities this type of construction presents. We conclude by discussing possible generalizations of our result. In an appendix, we show that even without supersymmetry and a mechanism for stabilizing the compact geometry 10d gravity with 4d de Sitter and static extra dimensions is a challenge when no explicit stabilization of extra dimensions is assumed and briefly consider how the KKLT construction addresses these issues. We also review 5d cosmology for RS1 [26] .
KKLT as a Warped 5d Geometry
Let us consider the full KKLT [3] construction and translate its implications to a 5d perspective. The starting point is a CY compactification of Type IIB string theory. It is assumed that all moduli have been stabilized with fluxes at a high scale with the exception of the volume modulus. Giddings, Kachru, and Polchinski (GKP) [23] described how to extend this solution to include a Klebanov-Strassler (KS) [24] throat with 4d Minkowki slicing corresponding to zero (four-dimensional) cosmological constant (cc) that could generate a hierarchy of mass scales. The idea in [3, 23, 25] is to create an AdS 5 throat that can realize RS gravity localiza-tion [26, 27] in a true string theory construction by merging the throat onto the CY geometry. The CY geometry could thereby act as a UV brane in RS, cutting out the boundary region of the AdS space and permitting the existence of a normalized graviton that can generate 4D effective gravity.
As we will review, flat (or de Sitter) space requires the corresponding "slicing" of An-tideSitter, which in turn requires a boundary condition with the appropriate energy density in the UV region of the throat [28] [29] [30] . The CY "UV" boundary region must have both the necessary energy density and curvature to smoothly match onto AdS space sliced with 4d de Sitter or the construction would be inconsistent.
GKP explains the origin of this boundary energy in the Minkowski case (before gaugino condensate or antibrane are included) as a stringy correction associated with wrapped seven branes. The charge is determined topologically whereas in the original construction the induced curvature/tension could be determined through the BPS condition. We have
) .
(2.1) and the second from the DBI action
The first quantity is topological and the second integral is known to be related for Minkowski space with unbroken supersymmetry since the state is BPS. The important thing is that when we break supersymmetry we can allow more general energy density on the CY boundary, consistent with other 4d metrics/slicings. This will be important when the no-scale form is broken to generate AdS4 slicing and later when we uplift to de Sitter (dS4) space. Notice that in an RS-type construction, the capped off region of the IR throat where the conifold truncates acts as a negative tension brane. We can argue there is an effective negative tension brane based on consistency of Minkowski slicing in GKP. The only stable Minkowski sliced solutions of AdS5 require a positive tension and negative tension brane (This negative tension was also noted in [22] ) where both have critical tension in magnitude. Only AdS4 space can permit two consistently placed positive tension branes bounding the physical portion of the space. We briefly review different slicings of AdS5 in the next section.
From the geometrical point of view, we can argue as follows. We know the original CY was Ricci flat. We also know that we have excised a region that acts effectively as a positive curvature boundary to the conifold in the UV. Since all we have done is warp the CY and not change the topology, this positive curvature has to be cancelled. The KS throat is tricky because the AdS curvature changes. In the end, as we have a deformed conifold, the remaining curvature is on the "IR boundary" and acts collectively as a negative curvature boundary. Stated another way, imagine we integrate over the conifold to move the IR brane on top of the UV brane. We know the curvature would have to cancel since we just have a Ricci flat CY. In this case, we have absorbed the "negative tension" from the changing AdS into the brane as well. Now let's review the two additional stages of the KKLT construction: the first to violate no-scale and stabilize the volume modulus and the second to uplift the energy to bring us to de Sitter space. We assume that all the KKLT assumptions are consistent with a string theoretical construction and address only 5d gravity issues. Because of the no-scale structure of the Kahler potential, no potential for the volume modulus is generated without the inclusion of nonperturbative effects. In addition to the flux-generated superpotential W 0 . KKLT introduce a gaugino condensate 1 of the form Ae −aσ . Because the other moduli are essentially frozen, one can assume compactification and minimize the potential of the low-energy theory 2 . It is straightforward to show that with a superpotential of the form Ae −aσ , where σ is the volume modulus, the energy is minimized assuming small W 0 for large σ, W 0 ≈ A(aσ c )e −aσc , and V ≈ −(aσ c Ae −aσc ) 2 /σ 3 c where σ c is the solution in the supersymmetric minimum and we have neglected terms suppressed by aσ c which are small for the consistent parameter choices of interest. KKLT thereby produce an AdS 4 vacuum consistent with freezing of all moduli at large volume so that higher order corrections should be perturbatively under control.. The low energy theory including a superpotential from both gaugino condensation and from flux generates an AdS 4 minimum, defying the no-scale structure through nonperturbative gaugino condensation (or instanton effects). Corrections to this minimum from corrections to no-scale, for example, will be suppressed by aσ.
Kachru, Kim, McAlliser, and Zimet [16] also show how the gaugino condensate can generate AdS space from a 10d perspective, which from the 5d point of view means that in the absence of additional contributions from a stabilizing potential, the slicing would be altered from Minkowski to 4d AdS4 slicing. Without a boundary condition any slicing is possible but with a particular 4D geometry there is only one slicing that is consistent arising from the appropriate boundary condition [28] [29] [30] . Treating the CY as a UV "brane", the boundary should yield an energy-momentum tensor consistent with the construction since the BPS condition no longer applies.
The goal however is ultimately to produce an uplifted de Sitter energy, which will never be the consequence of a supersymmetry-preserving minimum. The required additional energy must be large enough to cancel the AdS 4 energy and to add a little extra (to generate de Sitter), but smallish enough to be comparable in magnitude to the exponentially suppressed potential proportional to the gaugino condensate. Generating 4d de Sitter space with static additional dimensions is challenging, and most obvious constructions run into problems. In Appendix A, we show why even without supersymmetry or string constraints de Sitter space is challenging (see also [84, 85, 92] ) and why a warped scenario might be the most readilyrealizable possibility.
So let's now consider the second stage of KKLT, which from a 4d perspective involves an antibrane to uplift the energy to de Sitter space. In the 4D theory, an antibrane placed in the CY region would generally carry unsuppressed energy in the 4d theory of size in string units of order T /σ 2 , where T is the tension of the brane, which would be too big in a stable string construction to cancel the energy suppressed by the exponential in the gaugino condensate in a parametrically viable way. 3 The KKLT construction assumes instead that a 3d antibrane falls to the end of the deformed conifold of an AdS throat, so that the energy is parametrically suppressed by the warp factor in the IR region. The antibrane tension in the UV is set by the string scale, but in the IR is set by the warped-down version of the string scale, which for consistency of the construction is taken to be a little bigger than the energy associated with the gaugino condensate, so that the sum of the two perturbations would yield de Sitter space.
The energy at the end of the throat is set by Λ KS , which is Λ QCD for the Klebanov-Strassler condensate, but the energy of the brane is the warped down energy of a single brane. By assumption, the matching occurs when (T e −4krc )/σ 3 ≈ (Λ AdS4 + H 2 0 ), where k is set by the AdS5 curvature 4 , r c is the antibrane/end of the throat location, and H 0 is the energy mismatch that generates de Sitter space. We assume consistency of the construction without the antibrane, so the boundary before the antibrane uplift should correspond to the AdS4 slicing demanded by the gaugino condensate.
Several authors have argued [20] that the antibrane deforms into a warped NS5 brane. Even without knowing the end state, to do the necessary uplift we can treat the deformed region capping the deformed throat in the IR as an IR brane and assume it is at least metastable. Because the antibrane is not free to move beyond the end of the conifold, we will treat the geometry and brane together as the IR brane and ignore any massive modulus that separates them. Note also that we decreased the flux when we added an antibrane. This will simply be absorbed in a changed QCD scale. We assume a single antibrane but it is easy to generalize to p antibranes, so long as p is small compared to M .
So the setup involves effectively an undercritical brane in the UV end and a supercritical tension brane in the IR, where "brane" here refers to the CY and deformed conifold boundaries of the warped throat. This is clearly a cartoon of the true situation for several reasons. The CY is not a UV brane, the antibrane dissolves into some other configuration, there is a compact space which we are ignoring, and we are dealing with a KS and not one of constant curvature.
To address the first two issues, we need only that energy capping off the throat in the UV and IR satisfy the right boundary conditions. We can move the boundaries of the bulk AdS5 to the point where the theory is no longer AdS5 and associate the boundary energy with a "brane" wherever the assumption breaks down. Furthermore, at both boundaries we can integrate the energy over the compact manifold to find the boundary condition for an effective five-dimensional theory. One can argue that flux from the antibrane deforms the IR region (though it is not expected to do so in the probe approximation). Even if this were the case, we can define the boundary region that is deformed to be an effective IR brane (analogously to thinking of the full CY as a UV brane). As to the last qualification, since the small value of the antibrane uplift energy relies on a warped space, the analysis we do would readily extend to the true KS warp factor as well. When we consider possible destabilization later, we will use the full geometry.
The Role of the Radion
We will now neglect the stringy and higher-dimensional complications and restrict attention to the toy 5d example that suffices to illustrate the relevant points. The point of this section is simply to argue that a consistent higher-dimensional geometry requires including the backreaction from a heavy modulus field without which the boundary conditions would be inconsistent. In the 5d effective theory, the geometry has to adjust through a shift in a radion field (that determines the extent of the throat), changing the boundary conditions appropriately through an effectively localized contribution from a shift in a heavy modulus in the UV and the IR. The radion is a field that survives in the 4d theory as it is lighter than the fields associated with the CY UV region of the throat. Its expectation value determines the length of the throat and it is essential to stability. In the 5d theory, it is essentially an IR localized field. We will explicitly identify a radion when we consider 5d theories with GW stabilization and in the 10d theory when we see its origin in KKLT as the conifold deformation parameter.
We emphasize that so long as we know the geometry is stabilized, the 4d picture suffices. There is no (or only suppressed) direct interaction between the gaugino condensate and the antibrane. But energy transfer does occur in the 5d theory through a radion field whose potential is determined by the energy in both regions. We will soon see that with a better understanding of the energy transfer we might also better see how to resolve some apparent inconsistencies in the higher-dimensional construction, check for stability, and furthermore gain insight into how supersymmetry is broken and communicated to the rest of the theory.
Our toy model is an undercritical brane in the UV and an overcritical brane in the IR (where critical tension refers to the tension required for Minkowski slicing of AdS5) corresponding to almost equal and opposite 4d cosmological constant (for simplicity we sometimes drop H 0 effects which don't qualitatively change any conclusion). Note that the UV "brane" is a positive tension but subcritical brane. That is its energy is below that for Minkowski space so the brane without any other distortions would generate AdS4. The IR brane on the other hand for consistency should correspond to an overcritical negative tension brane. As stated earlier, we treat the assumed uplift energy on the antibrane as part of the whole region that ends the conifold with no distinction between the conifold and antibrane radion.
Slicing RS
To understand the matching at the boundaries of the throat, let's first briefly review what it means to get 4d Minkowski, AdS, or deS in RS geometries. We study RS with brane boundaries as presented in [28] [29] [30] , in which the effective 4D geometry of a detuned warped 5D space is considered. As in the original setup [27] , the action we consider is just that of 5d gravity with a negative cosmological constant Λ 5d = −3/L 2 coupled to a brane of tension λ:
where g ij is the metric induced on the brane by the ambient metric g µν . Note we retain the notation of [28] so that Λ here refers to the 5d cc and H 2 for four dimensions is given below in terms of the brane tension mismatch. We use the ansatz for the solution to be a warped product with warp factor A(r),
allowing for the 4d metric to be Minkowski, de Sitter or anti-de Sitter with the 4d cosmological constant being zero, positive or negative respectively following the conventions of [30] . The 4d cosmological constant is given by the detuning M = λL 3 of the brane tension:
. From a 4d point of view, our toy model of KKLT appears as if it should readily uplift to Minkowski (or slightly de Sitter) space since the total cosmological constant is zero (or small and positive) and we furthermore do this within the probe approximation. However, this presupposes a mechanism to stabilize the system so that it can transfer energy into the UV and generate a consistent geometry. With two branes, in principle, two independent tunings would be required to agree with any particular cc-the sum of the effective 4d energy of the two branes, for example. From a higher-dimensional perspective in an extreme probe limit the transfer of energy would appear to be a nonlocal effect since if we integrate out all the heavy moduli as some constructions have done, the necessary transfer of energy cannot occur.
In the absence of a means to transfer energy associated with a stabilization mechanims, we would need to know that the piece of the geometry that corresponds to the UV is a solution all by itself, which would require a small local SUSY breaking source in the UV. We do not know a priori such a solution exists. However, in the presence of a stabilizing field that has sufficient freedom to adjust, the IR effectively sources the additional energy required in the UV so that only one such tuning is required. Our goal in this section is to identify the relevant fields and see how this operates to give insight into which of the moduli should be retained in a consistent construction.
We immediately identify an interesting issue, which if nothing else demonstrates explicitly why the solution appears inconsistent in the higher-dimensional geometry. The IR brane (really the antibrane/end of conifold combination), due to its negative tension, effectively acts as an AdS4 brane in the presence of uplift energy. That is because the antibrane energy is effectively cancelling some of the original negative energy on the IR "brane" so it is below critical value in magnitude. This AdS4 scale would be much bigger than that on the UV since the mismatch is much bigger (relative to the local curvature scale). For boundaries both at definite coordinates in the fifth dimension, these are two different coordinate systems that cannot smoothly transition one to the other. Someone living on the UV AdS boundary would do the matching knowing nothing about the IR, and would solve to find an AdS 4d space that corresponds to the UV matching. The IR metric would also be determined locally. So there would be a mismatched geometry and without the bulk or boundary energy momentum adjusting, no static solution would exist. Notice this statement is completely consistent with the argument that has been made in many places [15, 16] that the gaugino condensate decouples from the antibrane and the antibrane decouples from the gaugino. The clash occurs in the bulk of the space, where two inconsistent geometries are required. The tricky thing for this construction is that the uplift energy is located in a separate region of five-dimensional space from the negative (AdS4) energy, which is concentrated in the UV.
Without stabilization the solutions to the equations of motion would be time-dependent. We investigate the time-dependent solutions in a future publication [35] . Notice that the time-dependent solution would be consistent with the arguments in favor of consistency of KKLT from a 4d and 10d perspective. The energy momentum tensor for the four-dimensional low energy theory can indeed be that of Minkowski (or very weakly de Sitter) space. If there were no interaction between the two branes in the higher-dimensional space, time-dependence would emerge in a changing 4d Planck scale.
It is precisely the independence of the two branes (which is critical to not significantly perturbing the volume modulus stabilization) that would give rise to inconsistencies, since the stable solution requires the branes to be aligned. In the true KKLT geometry, any potential time-dependence is countered by the KS geometry so that the stabilized case should yield Sitter space with fixed M P l . Clearly some field has to adjust in the presence of the IR perturbation.
We will now see what happens is that a bulk field adjusts in such a way that the local curvature changes to convert an undercritical UV brane to an overcritical one. This contribution is a modification to the junction condition at the UV throat boundary and would follow from a change in the Junction condition in the IR boundary as well. The change in the bulk effectively acts like an additive contribution to the brane tension in the UV (and a negative contribution in the IR) that allows for 4d de Sitter space on the boundaries and hence in the bulk. These boundary contributions are crucial; without them nothing would change.
Goldberger-Wise Mechanism
In RS the Goldberger-Wise mechanism, in which a bulk field stabilizes the geometry and establishes the potential for the radion field that determines the size of the space, addresses this issue. The GW stabilization mechanism is holographically dual to the addition of a quasi marginal deformation of the CFT which generates a small weak scale through dimensional transmutation. The uplift should also entail a modification to the geometry mediated by the stabilizing GW field, which changes the distribution of bulk energy to allow a consistent de Sitter slicing, even with the original AdS4 energy on the UV "brane", since, as we will demonstrate, the "boundary" conditions change.
We work with the RS metric of the form
where k is a parameter which is assumed to be of order M , x µ are Lorentz coordinates on the four-dimensional surfaces of constant φ, and −π ≤ φ ≤ π with (x, φ) and (x, −φ) identified. The two 3-branes are located at φ = 0 and φ = π. Goldberger and Wise [40] include in the Lagrangian a scalar field Φ with the following bulk action
where G AB with A, B = µ, φ is the 5d warped metric. In addition there are boundary terms which are assumed to set the UV and IR values to v h and v v respectively. Matching at the boundaries sets the boundary conditions and yields the potential for the GW field. With = m 2 /4k 2 assumed to be small the general solution is
= kr c |φ|, are using the GW notation in which φ is an angle and r = r c φ. and
6)
Notice that in the GW solution the unsuppressed v h in the B term determines the boundary values and the A term, which vanishes at the leading order minimum, determines the derivative across the boundaries. Following GW, it is readily seen that the GW potential for the radion, r c , takes the form
The important point is that in addition to the term consitent with conformal symmetry, there is a term whose exponential deviates slightly, suppressed by . The minimum of the potential determines r c at
The radion will shift to accommodate the uncancelled e −4kπrc v 2 v of Eq. 3.8 and there will be a stabilized radion with bulk mass squared of order 2 e −2kπrc v 2 v with the depth of the potential suppressed. The full potential arises from also including the matching at the IR brane [55, 57] in which case the mass squared can be bigger, suppressed by a single factor of . However, as has been noted elsewhere (see [43, 44, [55] [56] [57] the IR running (or equivalently higher order terms in the scalar potential) will generally (in the absence of a shift symmetry) cause the radion mass to be stabilized at a larger value. In this case the shift in compactification radius to accommodate a perturbation would be smaller but the boundaries would nonetheless change appropriately. This larger mass would allow for stability to bigger perturbations.
Let us see how the theory is stabilized and responds to a perturbation in the GW model, assuming again a toy model where here our mismatched branes are accompanied by a GW field. This will shed light on the response of the KKLT geometry to the uplift energy in the IR. To see more explicitly how the matching works, we add the IR boundary term
The relevant equations of motion are the Einstein Equations that relate the metric to both the bulk and the brane energy. It will be important that we include the energy of the kinetic term of the GW field, since a shift in radion adjust the kinetic term in such a way that energy redistributes throughout the bulk. We use a general RS type metric
where to leading order A = 2kr c φ. We are interested in the deviation in the presence of a perturbing IR brane energy. We use [56] ∂A ∂φ
and the junction condition at the IR brane is
We need to include the change in bulk energy from the change in ∂Φ/∂φ, which arises from the shift in r c in the presence of the perturbation. The dominant contribution to the change comes from the A term in the GW solution above and is approximately
whereas the initial dominant contribution to the derivative comes from the B term and is approximately
which gives us the correct junction condition if
The important thing (here we are assuming the uplift yields Minkowski) is that the GW field take the form such that the uplift is that required in the UV as well. We have
and
so the product is exactly the warped down version of the energy that is required for the uplift.
The slicing corresponds to the sum of the UV and warped IR energies, even though the uplift is present only on the IR brane. The matching condition adjusts just as it should to generate a consistent higher-dimensional space sliced by the proper 4d energy. In this model, the change is the value of the radion, which in turn changes the derivative of the Goldberger-Wise field to accommodate the jump condition corresponding to the net energy including the uplift from the IR. In doing so, the Goldberger-Wise field adjusts throughout the bulk so that it can consistently be sliced by the sum of the UV energy and the warped IR energy. In particular, the GW derivative on the UV brane adjusts to add the energy to accomplish the uplift. By changing the throat length slightly the radion slightly alters the Goldberger-Wise junction condition at both boundaries to guarantee stability and consistency of the construction. The boundary condition for the radion involves only IR quantities so that the IR does the uplift and the UV junction condition changes appropriately as a result of the new junction condition in the IR. The radion potential is a normalizable field even in the decompactification limit and its potential (when expanding about its minimum) arises in the IR. At some point the added energy exceeds what the light radion can accommodate at which point the construction would no longer be stabilized.
In KKLT there should be a combination of the fields that effectively plays the role of a Goldberger-Wise field. With such a field, the construction can consistently uplift the energy by transferring energy from the IR to the UV so that the higher-dimensional space can consistently be sliced with de Sitter 4d space, even though the uplift energy is sequestered in the IR. Ref. [22] identifies the GW field H and argues its slowly varying potential in the radial direction is a result of the kinetic term for a 5d field originating in the 10d theory that encodes the continuously varying flux of the NS 2-form potential B 2 on the S 2 cycle of the T 1,1 . They explicitly construct a potential consistent with "running N ef f " and describe how with this field they can stabilize a geometry that consists of the CY region, a conifold region with constant warp factor, and the warped deformed conifold. This is in the spirit of the dual interpretation of the GW mechanism, in which the dual of the GW field is an almost marginal operator with conformal dimension slightly deviating from 4. From this perspective the origin of the throat is the slow RG evolution of the operator, which dynamically generates the IR mass scale.
Such a field, which is essential to the consistent geometry if it is to absorb and transfer the uplift energy, should have mass set by scales comparable to those associated with the UV moduli fields but suppressed by a small parameter, of order the "beta" function associated with the slow running that permits the existence of a large throat. Although one can consistently integrate it out of the 4d effective theory, since it is heavier than modes living in the IR, any fully consistent solution would need to include the five-dimensional energy dependence of the field since its energy distribution would be essential to lifting AdS to dS in the UV and lowering the energy of the antibrane contribution to 4d energy in the IR, which is reflected in the 4d theory through a radion potential. So we need also to identify the radion field in the KKLT construction.
Unlike the "Goldberger-Wise" modulus described above, we expect the radion mode to be light, which is to say with 4d mass of order the glueball mass scale at the end of the throat (thinking of Klebanov-Strassler as a gauge theory), or equivalently a KK mode associated with the IR region of the throat from the gravitational perspective. In the next section, we consider the radion in more detail and its origin in the higher-dimensional theory. 5 Note that any cosmological solution of the 5d theory should also reflect the redistribution of energy. This is made manifest in eqs. 3.6 and 3.7 of [45] , which found how the background cosmology would respond to perturbations δV and δV * on the IR and UV branes respectively. Although the radion doesn't move substantially, it absorbs any (small) perturbations in 4d energy necessary to generate 4d cosmology. For those interested, we review this cosmological perspective in Appendix B.
The Radion and a Potential Instability
The 4d radion field can be used to determine the location of the IR brane and the stability of the manifold. In the GW model, if the radion is indeed as light as it was in the perturbative analysis above, the theory would be destabilized onto the runaway direction at anomalously low energy, of order v 2 v (depending on the sign). (This is not the runaway of the volume modulus but an independent one associated with the throat). Even without the additional suppression, there is of course a limit to the allowed perturbation consistent with stability of a finite throat.
Without the boundary contribution included, the radion would scale like [55] , which in KS is the "beta" function (M g s )/(2πK). Taking the bulk mass contribution only and evaluating in leading order in perturbation theory the radion mass would scale with this parameter. If we correctly use the IR boundary condition it would be the mass squared set by this quantity.
However, the suppression by in the mass is an artifact of keeping only the leading order mass term in the GW potential. We expect no additional suppression over the other KK masses unless protected by a shift symmetry [56, 57] . With all contributions included, the radion should develop a mass in the strong coupling regime of order the KK/glueball scale (suppressed by g s M 2 , or equivalently suppressed by g s M relative to the QCD string scale [24] .
This mass, as with other KK masses, is strange in that the suppression by M makes it lighter than expected on the basis of the string tension. This was already noted in [24, 41, 42] . It is presumably a result of the additional compact space, which remains of finite size and affects the normalization of the 4d gauge coupling. It is certainly allowed given that there are two independent curvature scales in the theory.
We can gain further insight into the stabilization by studying a general radion potential that would follow from a GW-like construction with bulk scalar or to any theory with an almost marginal operator due to slow running of some coupling, which in terms of the normalized radion field, φ ≈ e −krc [43, [55] [56] [57] 75] , takes the form
where , which explicitly breaks conformal invariance, could be related to the squared mass of a GW field but can also be thought of as related to its β function when the GW field's origin is the strength of a gauge coupling that spontaneously breaks conformal invariance in the IR. Here the φ 4 term is consistent with conformal symmetry, which is weakly explicitly broken by the deformation of the marginal operator. This potential would generate a GW minimum at kr c = 1/ log λ 1 λ 2 . In a setup involving M units of flux in the IR and a running coupling as in KS, we would expect to equate K/(M g s ) with 1/ log λ 1 λ 2 . In the case of KKLT, we don't expect a radion lighter than the KK modes since KK modes of the KS model (barring models with accidental symmetries and Goldstone bosons) have mass set by the KK scale. If there were a light radion, we should see a light mode in the spectrum of KS in the field theory/decompactification limit. Numerical simulations as well as general considerations show that masses scale as the QCD string scale [24, [46] [47] [48] with no extra suppression. 6 7 We now argue that we can explicitly identify such a radion in the full 10d theory. The above schematic radion potential is very close in form to the potential used in [58] based on the analysis of [49, 50] . There they were describing the potential for the conifold deformation parameter defined in the warped region of the GKP geometry in the local six-dimensional geometry corresponding to the deformed conifold by its embedding into C 4 , The deformation parameter S is the complex structure modulus whose absolute value corresponds to the size of the 3-sphere at the tip of the cone.
A
The supersymmetric potential for this field induced by the Klebanov-Strassler geometry is
where g s is the stabilized vev of the dilaton, Imρ = (Vol 6 ) 3/2 , c as we argue below is not relevant here (and is in any case suppressed in the small S region), whereas the constant c , multiplying the term coming solely from the warp factor, denotes an order one coefficient, whose approximate numerical value was determined in [49] to be c ≈ 1.18.
We will now argue that essentially S 1/3 is the radion (up to normalization). The potential for the S field is essentially the GW-induced radion potential presented earlier, but it takes a slightly different form than that above due to supersymmetry, namely
where rewriting the potential in this GW form breaks down near the "IR brane" where (2πM/K) log S/Λ 3 0 gets big. Really the original form in terms of the logarithm is enough to see that we have weakly explicitly broken scale invariance. We only rewrite the term to show that schematically it agrees with the form of GW potentials in the literature. Here λ 1 = K/g s and λ 2 = (M/2π), and = λ 2 /λ 1 . The minimum occurs at S KS = Λ 3 0 e −2πK/M gs = Λ 3 0 e −λ 1 /λ 2 = Λ 3 0 e −1/ . Here the S 4/3 dependence comes from the Kahler potential whereas the remaining dependence is from the superpotential. The nonrernormalization theorems in the supersymmetric potential guarantee the full potential is always proportional to the leading order potential.
Notice that this form of the potential is consistent with an explicitly broken dilation symmetry, where (M g s )/K characterizes the breaking with λ 2 a spurion [55] . The scale invariance when (g s M )/K is small in combination with supersymmetry guarantee the above form of the potential, reinforcing the radion interpretation of S 1/3 .
The above potential has both the minima we found before (the runaway S = 0 as well as the desired GW minimum at S = S KS = Λ 3 0 e −2πk/(M gs) but also has another unstable critical point, creating a barrier between the desired minimum and the runaway direction S ≈ φ 3 → 0.
We can also expand about S KS to find
where this is the potential when S fluctuates away from the unperturbed minimum. We have not kept track of M -dependence here. The point is to see that this potential corresponds to a superpotential for S that is linear in the field near the minimum. The nontrivial Kahler potential turns this superpotential into the mass term in the potential. The GW potential takes this form in this supersymmetric setup. Notice that as expected the mass is K-independent and is not suppressed by g s M/K. When we use
one finds [58] the S mass squared is suppressed by 1/g s M 2 . In terms of the properly normalized field φ (see below), the mass squared scales (over the exponential suppression) as 1/(g s M 2 ) 2 , which is how all KK masses associated with the IR region of the conifold throat would scale as well.
From [24] , we see that the KK/glueball masses scale as m 2 /(g s M ) 2 whereas the string tension scales as m 2 /(g s M ) so the ratio is 1/(g s M ) as it should be [24] . Here m is a parameter from the metric defined in [24] , which is essentially φ/M to get the correct dependencies. Note that our formulas here, as in [58] , are given in the Einstein frame. Here φ is the properly normalized field related to S by φ ∝ S 1/3 / g s M 2 . The string tension has the correct property that 1/g s T 2 s ∝ V antibrane , since V antibrane scales as φ 4 /(g s M 2 ) 3 [58] . The potential above is a beautiful implementation of a GW type potential. The term from the Kahler potential that we kept here and that gives the nonperturbative radion mass derives from the radion kinetic term found by Douglas, Shelton and Torroba [49] , which Bena, Dudas, Grana, and Luest [58] as well as Blumenhagen, Klwer and Schlechter also presented.
Ref. [58] also identified the properly normalized field (including only the c term) in Eq.
as
where c ≈ 1.75. Indeed the parameter S is related to φ 3 , and is the properly normalized field determining the warping in the throat. This φ is precisely the radion of GW and has the correct potential to both determine the length of the throat and the warping in the IR as well as to respond to perturbations to generate a consistent geometry. The radion mass squared, as with the values of KK mass squared, is of size 1/(g S M 2 ) 2 φ 2 , and is suppressed by a factor 1/(g s M ) compared to the string tension. The interpretation of the S field in the full 10d picture was the source of some confusion. The full kinetic term was given as [49, 58] 
which behaved differently depending on the region of interest. Ref. [50] distinguished the regime r > Λ 0 , which would correspond to the bulk regime, (g s M α ) 1/2 < r < Λ 0 , which corresponds to the constant warp factor region, and the small r region of interest, which is the strongly deformed conifold region. The conifold deformation parameter develops a kinetic term because a time-dependent fluctuation in S modifies the 4d part of the metric, but not the warped 6d metric where the S-dependence cancels [50] .
This cancellation is associated with the survival of the field S in the decompactification limit, where the logarithmic S dependence from the warp factor cancels that of the unwarped metric. The fluctuations in S arise in the 4d theory and are controlled by the maximum redshift, which is exactly what we expect for a radion field. In [96] , this kinetic term, which gives the radion expected S 4/3 -dependence, was derived with a compensator formalism to allow kinetic terms for what from a higher-dimensional point of view seemed to be a 6d parameter. From a 4d perspective, this field is the radion that we knew had to be there in the stable throat picture and corresponds to the cutoff of the warp factor of the 4d metric in the full 10d picture.
The radion field we have identified is an infrared localized field that survives even when M P l4 → ∞. The only region in which the c term could have dominated is when M P l is large due to large σ, which would allow for larger Λ 0 , comparable to M P l4 , the four-dimensional M P l . In other words, the the c term depends on log σ but we know this dependence isn't part of the throat potential as it describes the dependence on σ that comes from running the coupling only from the CY boundary and not from the string scale. Including this additional running should cancel that σ dependence as above and leave only the c term in the region of interest, consistent with the radion potential we have found.
In [58] , by keeping the kinetic term appropriate to the constant warp factor region dependent on log S, it was argued that the field is a modulus corresponding to a nonrenormalizable field in the decompactification limit. Such a modulus should be a separate field associated with the gauge coupling that corresponds to the log piece of the kinetic term above but which is not part of the radion kinetic term. Ref. [60] did nonetheless correctly observe that S is the complex structure modulus whose absolute value corresponds to the size of the 3-sphere at the tip of the conifold, and furthermore that if one fixes a UV holographic cutoff, the running of the deformation parameter corresponds to changing the distance between the tip of the KS solution and the cutoff surface-again, what is expected for a radion. Moreover, when the throat is glued into a flux compactification, they observed that this distance parameterizes the length of the so-called B-cycle, which is fixed by the fluxes. These are the properties of the radion, but not of a modulus that decouples in the decompactification limit.
Having established the identify of the radion, we now have an exact formula for its potential which allows us to explicitly evaluate any potential radion instability. Such an instability would be precisely the "conifold instability" found in Ref. [60] , associated with the correctly identified radion field, (and might be related to that of Ref. [58, 59, 61] ).
So long as the perturbation is not too big, the radion will adjust so that the GW field can redistribute the added energy. Adding the antibrane amounts to adding an energy source that scales as δS 4/3 where δ is a small number.
The antibrane contributes a perturbation
(3.27)
We follow [58] and define c = 2 1/3 I(0) ≈ 1.75 . For p anti-D3 branes the potential is multiplied by p, and this is taken care by simply replacing c → c p.
The general form of the potential (we factor out λ 2 1 πg s /c ) is
The barrier disappears when δ/ 2 = 9/16. However, one can readily see that this barrier disappears when δ/ 2 = 9/16 which is the instability found in Ref. [58] . (Note that we are absorbing g s /K squared in our definition of δ and g s /K in our definition of so that both are indeed small parameters.) This would mean the field φ would no longer see the GW minimum, but would simply go onto the runaway direction; in other words the KS solution would have an instability.
We see that the perturbation from the antibrane (yielding the δ type perturbation above) yields the potential proportional to the above with δ = c c g s /πK 2 and | | = M g s /2πK. By writing it this way we keep and δ as small parameters. This gives precisely the stability condition found in [58] , namely
Although the scaling with g s M 2 is as might be expected, this constraint is stronger by a numerical factor than one would anticipate and does indeed correspond to the instability of Ref. [58] . If the above bound is not satisfied, the radion (conifold deformation parameter) will fall into a runaway direction if we perturb the original KS model with an antibrane. This instability is not the volume modulus instability. It is solely associated with the radion and would mean the "IR brane" would go to infinity, or that the conifold deformation parameter goes to 0. This is possible because the binding energy (and the KK mass of the throat modes) is small, determined by the warped down QCD energy scale. Notice the potential we used when studying stability was the bulk potential. With a general GW potential, there can also be a brane contribution to the potential. It is not clear whether supersymmetry and the string construction could allow an additional term which could add stability in principle. The only obviously allowed superpotential term that could affect a linear shift is proportional to ST antibrane . Such a term would not necessarily help the stability criterion. It would allow for a shift in the constant term in the superpotential, but the effect would be to shift S c and change and δ, but by an amount that is suppressed by K and scales out of the stability criterion. The shift in flux itself from the antibrane, which reduces K by one unit, would have an even bigger effect, but similarly leaves the stability criterion intact.
An antibrane is presumably not the only way to do the uplift. Even if other physical theories in the IR are responsible for supersymmetry breaking, the radion stability bound is likely to apply. The energy in the IR will always be suppressed by g s M 2 , which is just a result of the warp factor, relative to the contribution from the KS potential which will always be suppressed by 4π 2 so that presumably a lower bound on g s M 2 comparable to the one we have found would still apply. This would include, for example, a low-energy theory that breaks supersymmetry based on gauge dynamics akin to that of the Standard Model, for example, in which case there would not necessarily be a spiky discontinuous landscape [78] [79] [80] . Advocates of the Swampland argue [82] that such constructions are not possible within the constraints of a compactified manifold that stabilizes all the moduli. As we do not know all possible constructions, it is too soon to weigh in on this. However, the challenge was stabilizing the modulus without generating AdS. Minkowski and de Sitter would be comparable and the stability bound above would still be relevant.
The analysis above (and in [58] ) was a perturbation to Minkowski space. The additional contributions in perturbing AdS4 are further warp factor suppressed and are of size V AdS4 S 4/3 , where V AdS4 represents the energy associated with the gaugino condensate vacuum and as before φ ≈ S 1/3 where we have dropped factors of M . An additional term would arise because a consistent geometry would require both the UV and IR boundaries to possess AdS4 geometry. The radion adjusts the bulk energy at the boundaries to provide consistent boundary conditions. We can also see this directly since we know the net energy would be that of AdS4 if the throat extended infinitely far (to the horizon of AdS5). Since there is a deformed conifold at nonzero φ, the boundary has to carry the energy to make up the difference, which would be of order V AdS4 φ 4 . This follows since we can integrate the curvature from the UV to the IR brane, and would find the net curvature (without the additional boundary condition) would correspond to V AdS4 (1 − φ 4 ). So there must be a corresponding boundary term. Because V AdS4 is already of order the warped down IR energy, this contribution would be doubly suppressed by the warp factor and can be neglected. This is in addition to a UV correction term, also essentially down by the warp factor (in magnitude) as well since it is a small correction to the leading UV boundary term for KS. Though this term has no S dependence directly, it would also alter the stability criterion, albeit only by a warped down amount.
The instability we have identified would not be a problem for g s M 2 sufficiently large, consistent with the probe approximation for large but fixed g s M , which is the regime in which the supergravity analysis applies. However, this bound has implications for the maximum size of the warp factor and also for cosmology evolution from high temperature. Before stating these, we mention two caveats and clarifications. First, we are assuming g s M is big by using the supergravity theory in the IR. If indeed g s M is truly not large, the supergravity approximation breaks down and the IR theory could behave very differently. Without explicit derivation of higher-order corrections, the boundary where the supergravity description breaks down is unclear. The bound we derive is an explicit numerical constraint. Second, the constraint is strange in that the φ mass decreases as g s M 2 increases, which appears to make the theory less stable. However, we can write the potential as
where we rewrite the antibrane potential in terms of φ and have factored out M -dependence inṼ . The perturbation, which scales more strongly with the warp factor than the mass term (as 1/(g s M 2 ) 3 when written in terms of φ 4 rather than S 4/3 , decreases more quickly with M . Therefore even though the φ mass decreases with M , the stability to an antibrane perturbation increases. The constraint is on the perturbation relative to the original potential. Both decrease with large M but the perturbation decreases more.
Returning to the instability, Ref. [58] argues that for the real parameters one can get from known CYs it is difficult to both maintain a reasonable hierarchy and not destabilize the system unless manifolds permitting larger net flux are found. Their argument was that there is insufficient wiggle room to get both large K/(M g s ) and large M 2 g s since KM is bounded by the topology of the space. For known stablized manifolds, the biggest hierarchy one can find in Λ KS /Λ 0 is only about five once the stability criterion is imposed. This is not ruling out KKLT in principle, particularly since large g s M is a part of the construction, but pointing out alternative geometric constructions are required to trust the result and stability of the system. A weakly bound state can be destabilized with only a small perturbation. In the event that suitable large flux manifolds are found, it is interesting that like the volume modulus mass, the glueball-sized radion mass is a consequence of quantum effects in the field theory.
In addition to the challenge of consistently generating a warped geometry and a KS geometry sufficiently stable to accommodate an antibrane, we note here another potential problem for the KKLT model with large g s M 2 . This one can't be solved by finding alternative CY geometries. Several authors [51] have noted the challenge to RS of cosmologically establishing an IR brane as the universe cools, a challenge that favors small values of M . The essential problem is that the high temperature universe would correspond to an AdS-Schwarschild black hole solution that must transition to the confining RS geometry at low temperature. Simple entropy arguments show that this transition is disfavored for large M and explicit calculations show that the first order phase transition would be very suppressed, resulting in a supercooled inflating universe. Ref. [53] worked out the implication of this constraint for a Klebanov-Tseytlin geometry. Their result is that the constraint on M is strongest when the warping is small but even for a warping sufficiently large to generate a weak scale hierarchy, the constraint as given 9 is M 2 < 21. This is clearly inconsistent with the constraint g s M 2 > 46 derived above. So here again we find a challenge to the largish values of M necessary to keep a stable KKLT geometry in order to generate a realistic scenario.
Because it is independently of interest, we will now ignore any potential instability and consider the implications of the type of throat geometry we have introduced. We will show how the redistribution of energy is reflected in superymmetry breaking and also consider how supersymmetry breaking is communicated more generally.
We do the first part only schematically and leave the details of the full 5d supersymmetric warped geometry including the radion potential to later work (see [87] for some steps in this direction). Luty and Sundrum [75] did a fully supersymmetric 5d unwarped model in which condensates in the bulk and on the branes stabilized the radion (their radion is more analogous to the volume modulus than to our radion) and supersymmetry breaking occurred in the UV. As with the analysis above, one question they addressed was how supersymmetry is communicated in the bulk space, in their case from the UV to the IR. The answer, as with any sequestered scenario, is anomaly mediation. This will be the case here as well, although for some fields the light volume modulus (which in some sense also gives an anomaly-mediated contribution as we will see) can give a comparable supersymmetry-breaking contribution.
We will see that much of the communication of supersymmetry breaking can be understood from the chiral compensator through anomaly-mediation although the volume modulus can play a role as well. However, the radion F term is also important if we want to explicitly explore supersymmetry breaking communicated in the throat itself.
We distinguish three different regions of the KKLT geometry. There is the QCD theory at the end of the throat, the throat itself, and the CY region (with possibly other throats). Because of the strong interactions at the end of the throat, supersymmetry breaking should be communicated to QCD scale KK modes more or less directly through operators involving only the strong interaction scale as argued in [88] . In the absence of light fields, supersymmetry breaking would be communicated to the region outside the throat only through anomaly mediation, since supersymmetry breaking at the end of the throat is sequestered. The light fields we have considered are the volume modulus and the radion. Note that the physical radion, though coupling in a similar manner to the chiral compensator, is a distinct field, and it too can communicate supersymmetry breaking. Ref. [89] also considered heavy gauge fields, which have the potential to directly communicate supersymmetry breaking, but we will argue this is suppressed when the vector meson masses arise from supersymmetry preserving contributions in the UV.
Let us first explore how anomaly mediation should work in this case. We are interested both in the chiral compensator (useful for anomaly-mediation) as well as the radion (communicating supersymmetry breaking within the throat). Without warping, we expect F χ ≈ c/M 2 pl ≈ m 3/2 where c is the square root of the energy in the supersymmetry breaking vacuum. With warping, we expect additional φ suppression. Notice that we have not explicitly included a supersymmetry breaking sector, which is presumably part of the QCD theory (since we know there is another vacuum that preserves supersymmetry). We are simply assuming the supersymmetry breaking energy which requires a nonvanishing chiral compensator, with energy corresponding to the supersymmetry breaking.
Again, we are not doing the full warped supersymmetric Lagrangian so we present a schematic to show how we anticipate supersymmetry breaking will be communicated. We expect F χ ≈ m 3/2 ≈ φ 2 √ δT /M P l since only the additional antibrane energy breaks supersymmetry and its contribution should be warped. The dependence on φ should come from the supersymmetry-breaking superpotential which should include a factor of φ 3 when we use the properly normalized field φ but from the Kahler potential when we worked in terms of S.
To get further insight into the uplift, it is also of interest to better understand the communication of supersymmetry breaking inside the throat, where direct interactions can in principle give important contributions. The radion, in particular, should develop a supersymmetrybreaking F term that could in principle allow the "GW field" to communicate supersymmetry breaking to radion-dependent operators. We now argue that the supersymmetry breaking uplift energy is located throughout the bulk so that it is consistent with the geometry described above.
From a 4d perspective, we know the IR brane net energy should be the warped down version of the net UV brane energy (with opposite sign), which is assumed to be be of order the small cosmological constant today. The initial energy on the UV brane was the initial AdS energy from the gaugino condensate whereas the initial energy on the IR brane is the uplift energy (of the same order in absolute magnitude as the gaugino condensate energy). We showed earlier how the junction conditions of the GW field allow the extrinsic curvature to compensate for the mismatched energy, allowing for slicing with a small de Sitter constant throughout the space, and in particular on both the IR and the UV boundaries. For this to happen, the net supersymmetry breaking energy will be almost zero in the IR, since the energy on the IR brane, which is associated both with direct supersymetry breaking through the antibrane and the extrinsic curvature from the IR matching, has to add to the warped down de Sitter energy, which is essentially zero. On the other hand, the supersymmetry breaking contribution should be of order the uplift energy on the UV brane. That is, although supersymmetry breaking happens in the IR, the net effect of supersymmetry breaking has to be that the uplift energy is essentially all on the UV brane (or in the boundary matching there) (with warped down energy throughout the rest of the space). The only field in our effective theory that can allow this to happen is the radion, which must develop an F term that allows the GW field to cancel energy in the IR and add it in the UV. Note that aside from the boundary matching, we can generally ignore the radion when considering supersymmetry breaking. However, we have seen above that the radion is critical to consistency of the higher-dimensional theory and furthermore is necessary for studying stability.
In the 5d theory, what distinguishes the radion potential is that the leading contribution arises from the matching associated with the kinetic term for Φ. We expect the matching to be similar to that of the GW analysis above since the D term Z(µ/µ 0 )Φ † Φ D is essentially the kinetic term. In both cases, (up to a factor of two) one derivative (or equivalently d 2 θ) is associated with the initial field derivative while the other spatial derivative is replaced by the change in the field which is here accounted for by the F term of the radion. In the 4d theory, we have only scale dependence (rather than r dependence) but dependence on the scale µ 0 should translate into φ c dependence in the 5d theory. We expect the derivative wrt r c of the GW field to correspond to the derivative wrt µ 0 of Z(µ 0 ) which should give us γ.
Here γ (rather than a scaling directly of the superpotential) can be thought of as the source of the RG running (and is explicitly in [22] for example. Solving for the F term in terms of the IR boundary condition with the correct solution to the equations of motion in the 5d theory should be equivalent to the matching analysis we did above. This would require that the radion develops an F term that scales with the brane energy, and furthermore is proportional to 1/γ which in the IR is determined solely by M .
If there is a supersymmetry breaking perturbation, δT , the above matching would require an F term for the radion, to be roughly of the form F φ /φ ≈ δT /γ where γ from the bulk potential would scale as (M/2π). This term is interesting in that it is proportional to the SUSY breaking energy (not its square root).
With the explicit supersymmetric radion/conifold-derformation-parameter, we can investigate how supersymmetry breaking is transmitted through the radion field. The superpotential for the radion in the supersymmetric theory is of the form 1 + γ log φ, where the second term plays the role of φ γ in the usual GW potential. It is precisely this term that allows the radion to shift in the way that is required and is exactly the type of shift we were exploring when studying the instability. We expect supersymmetry to be broken in the QCD sector leading to an effective term in the superpotential √ T antibrane φ 2 χ where χ is the chiral compensator or alternatively can be done in terms of a nilpotent goldstino field. Such a term would add the necessary uplift energy. This will give the uplift and the stability criterion we explored earlier such that the contribution to the potential from F 2 χ yields T antibrane , the uplift we included when studying the full radion potential.
We can take a step further by studying how the radion shifts for small uplift energy. If we define X = log (S/Λ 3 0 ) + 1, so that W ⊃ SKX, we find in the presence of a perturbation δ (which in KKLT had energy density proportional to T antibrane S 4/3 )
which tells us that
which is the form of the shift required for consistency of the construction.
We also see that although the φ mass is comparable to other KK masses, the φ term is the one that develops this VEV due to the φ-dependence of the antibrane potential-both this term and the supersymmetry breaking term above. Moreover because of sequestering which means the kinetic terms for the UV and IR fields do not mix, we do not expect any significant direct interactions between the gaugino condensate and the antibrane.
Since F S will not play a role aside from guaranteeing internal constency in the throat, which we know should apply so long as the theory is not destabilized, we move on to more general communication of supersymmetry breaking. From the perspective of fields located away from the throat, supersymmetry breaking is sequestered so supersymmetry-breaking will be communicated through anomaly-mediation. In this case the communication of supersymmetry breaking can be seen as a consequence of the F term of the conformal compensator [62] . Such sequestered supersymmetry breaking will be reflected in the dependence of any operator coefficient on the scale factor and supersymmetry breaking occurs through violations of conformal invariance. We can derive these anomaly-mediated contributions to the nonthroat fields by going to the 4d theory. Note that in the 4d effective theory, terms can also be suppressed also by the warp factor appropriate to a field's location in the higher-dimensional space.
Anomaly mediation applies in the absence of other light fields. Because the volume modulus is light and there is σ-dependence in the supersymmetry breaking antibrane term, the volume modulus can also get a supersymmetry-breaking F term in which case there is "mixed modulus anomaly mediation". [65] .
This would lead to σ developing an F term F σ /σ ≈ Fχ aσ , which is parametrically suppressed by aσ. We can explicitly derive this result from the term in the supersymmetric Lagrangian [65] 
where in the presence of the perturbation we would no longer find D σ W = 0
Note that supersymmetry breaking occurs in the QCD sector [88] so there can be nonvanishing F terms there that communicate supersymmetry breaking as well, but that will be only to other fields at the end of the throat. Assuming no other light fields aside from the KK modes at the end of the throat, only the conformal compensator χ and the volume modulus σ communicate supersymmetry breaking to the rest of the space. Ref. [89] argued that if there are vector fields under which both UV and IR supersymmetry breaking fields transform, there can also be D term contributions. However, D terms don't contribute at leading order in 1/M 2 V if M V has a supersymmetric origin, as it does for the UV contributions in this case [90] . The contributions only arise with supersymmetry breaking so have additional suppression by the SUSY breaking scale divided by the vector mass squared. This is seen both from nonrenormalization theorems and a cancellation in superspace between a direct four-point function and vector exchange in the supersymmetric limit.
If aσ < 8π 2 , the modulus-mediated contribution would dominate over anomaly-mediation in σ-dependent terms (which is implicitly assumed in Ref. [96] ). Ref. [65] argues that this inequality is always satisfied or at best saturated for a KKLT construction and work in parameter space where they argue modulus and anomaly mediation give comparable contributions. We leave this an open question.
Notice however that if we think of a as the inverse of the QCD β function (more precisely the beta function/3 divided by the squared coupling), the modulus-dependent term is also of the form of an anomaly-mediated contribution, suppressed by the beta function and by g 2 /8π 2 , which by assumption is determined by 1/σ. 10 11 Whether this term contributes to supersymmetry breaking depends on the σ dependence of the relevant fields and parameters, but it is interesting that it is contributing comparably as if it were an anomaly-mediated contribution as well.
We can also see that the volume modulus supersymmetry breaking tadpole is linear in F χ , whereas the radion supersymmetry breaking tadpole is quadratic-that is, it is directly proportional to the perturbation and not its square root. The radion tadpole, as we found earlier, is determined by the supersymmetry breaking perturbation to the IR brane energy.
Our mass scales on the whole agree with those in Ref. [96] . However, we do note that there are additional light fields (compared to the CY KK modes and string scale modes), including the radion and other KK modes associated with the IR condensate at the end of the throat. Since they have mass squared of order φ 2 /((g s M 2 ) 2 σ 3/2 ) and the antibrane tension scales as φ 4 /((g s M 2 ) 3 )σ 3 ), which is approximately equal to the gaugino energy which is m 2 3/2 M 2 pl , we see that these modes should have mass m 3/2
Their interactions should be small away from the end of the throat but as argued above, the radion plays a role within the throat.
In the following section, we consider some interesting implications of this form of sequestering. We neglect any direct moduli-dependent supersymmetry breaking and focus on anomaly-mediated supersymmetry breaking communicated by the chiral compensator.
Zoned Anomaly Mediation
The combination of warping and sequestering is very natural in this type of set up. Therefore anomaly-mediated supersymmetry-breaking should be expected. Theories with a similar setup were considered in [68, 69] . In those theories supersymmetry breaking was communicated more directly to a fundamental sector of the theory in the UV, but some masses for composite states in the IR, well-isolated from UV supersymmetry breaking, occurred through anomaly mediation. These theories all have in common the absence (or suppression) of bulk scalar mass terms, which scale to zero in the IR, an observation made also in [76, 77] , in which supersymmetry breaking effects are naturally set only by the IR scale.
It is of interest that in such extensions of the type of construction we have considered there can potentially be interesting hierarchies of masses originating in different throats, which could also have important implications for moduli interactions. Despite a common Planck scale in the 4d theory, different regions of space can experience supersymmetry-breaking very differently, depending on where they are located and the metric or warping in that region of space, in what we call "zoned anomaly mediation".
In this case, fields will experience anomaly-mediation, but there can be warp factor suppressions on top of the usual loop factor. In anomaly-mediated setups, superfields generally obtain supersymmetry breaking masses proportional to αm 3/2 , where α is associated with the assumed nonzero running. However, a throat is a consequence of approximate scale invariance so masses in throats would generally be further protected [68, 69, 76, 77] . This might be the result of a global symmetry or supersymmetry protecting approximate conformal invariance, in which case the only mass scale from the throat would come from the IR.
The important point is that so long as the supersymmetry breaking is restricted to the strong gauge sector generating the throat and enough symmetry is preserved, anomalymediated supersymmetry breaking masses will appear only in terms determined by the IR scale, even if fundamentally the breaking was in the UV. In [76] , for example, supersymmetry is badly broken in the UV. Nonetheless, so long as sufficient global symmetry is preserved, the theory then implicitly "knows" it will run into the IR so the conformal warp factor in the IR would give suppressed supersymmetry breaking to leave the UV theory under perturbative control. This could be true for example in Ref [76] . Even if supersymmetry were entirely broken in the throat, it is not necessarily badly broken in the rest of the theory.
We expect that supersymmetry breaking masses, like all other masses for fields not localized in the UV, will be warped (and potentially volume suppressed) so that they will run to small values determined by the IR scale. Unless anomaly mediation breaks the global symmetry that protected the throat, the throat will survive. Since anomaly mediation communicates only R symmetry breaking, any nonabelian symmetry or chiral symmetry would survive (for example SO (6) in [76] ). If there were no gauge single relevant operators before supersymmetry breaking, there still would not be any after. Gauge singlet marginal operators can exist, but we expect them to still be associated with an IR scale.
In detail, fermion masses that would have destroyed the throat were already forbidden by global symmetries and scalar masses that could have been dangerous correspond to relevant operators that scale to a small value. In the IR, where conformal invariance is badly broken, masses are no longer protected. The strong bound states are in supersymmetric multiplets, but experience anomaly mediation, which is generally maximal since the gauge coupling is strong.
There can also be fundamental fields (that is fields with wavefunction not localized in the IR). These can include heavy matter particles or gauge bosons and their partners. Indeed fundamental matter localized in the UV can experience unsuppressed SUSY-breaking masses, but these splittings will be sequestered from the fields situated in the IR. Gauge bosons can in principle be a problem in that they extend from the UV to the IR. This introduces two potential dangers. First is SUSY-breaking D terms and the second is that the gauge sector, which does experience mass splitting in the UV, couples also to fields in the IR, apparently violating the sequestering assumption. The first issue is addressed when there are no gauged U(1)s. The second issue is addressed when, as above, there are no global singlet relevant operators. Explicitly, [69] shows that so long as the spectrum of the N=2 representation of supersymmetry arising from the 5d superymmetric theory is maintained, the only fields that are lifted by supersymmetry breaking are the original gaugino and the original adjoint scalar in a multiplet with the remaining adjoint fermion. These fields can pair up to make an approximately supersymmetric gauge multiplet so that mass splittings in the composite sector remain suppressed by the IR scale.
So even within the framework of anomaly mediation, there can be hierarchies of masses, over the usual ratios of couplings because supersymmetry breaking can be even further insulated from sectors of the theory that correspond to a throat than in conventional scenarios of anomaly mediation. This can have important phenomenological implications, since sequestered sectors of the theory can involve apparently very different susy-breaking scales. Moreover, if we live in a warped throat, the gravitino mass can be much heavier than naively anticipated if supersymmetry is broken in another region of the space. Of course within any interacting sector we do not expect such hierarchies as noted in [72] . In particular, all the particles of our sector that interact with each other presumably come from the same sector. Only hidden sectors might have unusual hierarchies of masses.
Notice we also have the possibility to break supersymmetry multiply in different throats. From the 4d point of view, the theory is just anomaly mediation but the "radions" of the different sectors are stabilized by the field theory, independent of 4d gravity. This is simply the statement that we can consistently have different gaugino condensate scales that break supersymmetry independently. Since the theories are sequestered, based on locality we do not expect Kahler potentials to connect the different sectors, which are connected only through gravity. Supersymmetry breaking can be broken dynamically by different sectors where the gaugino condensate scale corresponds to different warp factors as well as different overall volumes. In this case, the biggest contribution will dominate anomaly mediation, but in warped regions, will convey an apparently warped down scale of supersymmetry breaking. The gravitino mass will primarily be determined by the largest supersymmetry breaking term. However the dominant goldstino interactions in each zone can be different.
We also note that sequestered light particles might be more stable than expected from a 4d perspective. The scaling to get the 4d M P l is inessential to the field theoretical stabilization in the throat, where it can essentially act as global supersymmetry breaking if supersymmetry breaking occurs in that throat, for example. Any higher energy from outside the throat will get warped down so it won't necessarily destabilize anything. This will depend on time scales and whether the different regions reach thermal equilibrium. The differerent CFTs corresponding to different throats would be expected to interact only through Planck-suppressed operators so might never reach thermal equilibrium with each other and in fact have quite weak interactions with each other, often more than Planck-suppressed [54] . This necessity for accounting for the metric when determining stability might also be true in other situations with disconnected light states, such as the Swampland. [81, 82] .
Conclusions
In this paper we have argued that some of the critical issues with KKLT can be understood from a purely five-dimensional gravitational perspective. The requirements on the five-dimensional geometry are inconsistent with a static solution unless the radion and its back-reaction on a GW-like field is explicitly included. Some of these issues are irrelevant to the 4d effective theory. However, the radion needs to be included in this theory to check for stability. Most papers supporting KKLT and those objecting were focusing on the issues of stability of the antibrane and the potential for destabilizing the volume modulus and neglected the existence of a relatively light radion in the throat. One interesting exception is [58] , which suggest a "conifold instability" which is indeed a radion instability that would occur if g s M 2 is too small. We have argued that the field associated with the conifold deformation parameter is a radion from the perspective of the 5d effective theory. The requirement of larg(ish) g s M 2 is not surprising given that we already knew that g s M and M should be large for the approximations to be trustworthy. What is new is a precise numerical target where we learn that g s M 2 > 46 for the construction to be stable, which is perhaps slightly bigger than naively expected though consistent with strong coupling involving 2π. This constraint forces constructions allowing larger fluxes than might have been expected, potentially introducing additional moduli fields and further challenges to a fully stabilized theory. We have argued that even with alternative sources of an uplift, such a constraint is likely to survive and might in any case be incompatible with a vialbe cosmology.
We have also considered more generally the communication of supersymmetry within this type of construction and have identified the natural connection between warping and sequestering and argued that anomaly-mediation should play the dominant role in most communication of supersymmetry breaking in this type of setup. Potentially, in generalizations, different sectors of the theory can generate very different anomaly-mediated masses. It will be very interesting to pursue both this and possible KKLT generalizations in the future.
A 10D Einstein Equations
Although tangential to the main part of the paper, it is interesting to see the challenges that arise in trying to obtain de Sitter space from a compactified higher-dimensional space purely from a gravitational perspective. 12 For an effective theorist, getting a dS vacuum might seem trivial in that you can write down the 4d theory you want. However, we require the existence of a UV higher dimensional theory that justifies the model and therein lies the challenge.
We will consider several simple cases that reduce to 4D de Sitter, or to 5D spaces sliced by 4D de Sitter (since all we need to find is vacua that look like de Sitter vacua to a fourdimensional observer). Here, unlike in critical string theory, we allow for a cosmological constant. Nonetheless, in agreement with previous No-Go Theorems [84, 85] , we find that getting de Sitter vacua appears to require hard-to-realize energy-momentum tensors, at least in simple warped or factorizable geometries which are in principle the most straightforward places to look. We find perhaps the most natural possibility (with our restrictive assumptions) turns out to be RS de Sitter in five dimensions. The challenge as with KKLT would be to get appropriate boundary conditions with a fully stabilized moduli space.
We first assume a factorizable geometry and ask what it would take to get an energy momentum tensor that would allow de Sitter space in four dimensions with the other additional compactified dimensions static. We consider Einstein Equations only and don't impose supersymmetry or string constraints.
First consider a metric which is de Sitter, with the extra dimensions curled into a flat torus with constant radii.
Here the indices i, j run over [1, .., 3] and A, B run over [4, .., n] . Defining H ≡ȧ/a, this corresponds to a stress-energy tensor of the form
Note that this stress-energy tensor is not proportional to the metric, even whenḢ = 0. Some additional contribution is required-one that is not realized in the energy-momentum for the usual types of sources considered. In the presence of a positive n−dimensional CC with 8πGΛ = 3H 2 , additional anisotropic pressure would be required in the form δT A B = δp δ A B .
Here, again, A, B run over [4, .., n] . Such a stress-energy contribution seems odd, since there is no corresponding energy density, δT 0 0 = 0. 13 Alternatively, a positive n−dimensional CC equal to 8πGΛ = 6H 2 could be paired with an additional component of the form
From the perspective of the extra dimensions, this fluid component appears to behave like matter, while it behaves like vacuum energy in the other four dimensions. One interpretation is that this corresponds to a gas of D3 branes filling the n−dimensional space. However, the sign of δT is opposite to that of T : these branes have negative tension and would need to be stabilized. A stable realization of this scenario could be a D3 brane at an orbifold fixed point or an orientifold with the extra dimensions sufficiently small so that we can average the D3 brane energy to effectively get a negative 4d cc spread throughout the space (even though in reality concentrated at an approximate delta function). Here we would presumably need an additional stabilization mechanism to realize such a scenario consistently. Another potentially more promising approach is to include a curvature degree of freedom in the additional dimensions. This is a natural possibility suggested by the energy momentum tensor in that it can consistently change only spatial components of the energy momentum tensor, allowing for the desired freedom to get the energy momentum tensor that is required. We do this explicitly for a case that is a simple but unstable example in which the extra dimensions are curled into a sphere, using the curvature to balance the expansion of the bulk CC. For simplicity, let's consider dS 4 × S 2 . Again, we'll take both H and the radius of the sphere (r) to be a constant: ds 2 = −dt 2 + a 2 0 e 2Ht δ ij dx i dx j + r 2 dθ 2 + sin 2 θdφ 2 .
(A.4)
This corresponds to the following stress-energy tensor, so that this metric is consistent with a positive bulk CC so long as r −2 = 3H 2 . However, fluctuations around this solution (a(t) → a 0 e Ht + δa(t), r → ( √ 3H) −1 + δr(t)) are unstable, with δr(t) growing exponentially.
In summary, as with Refs. [84, 85, 92] , we find the required form for the energy momentum tensor is unlikely to be realized by stable physical objects (though there is a solution with bulk AdS and a negative tension brane). However, we see that if there is freedom to include arbitrary curvature from the extra dimensions, a consistent solution can be found.
Maldacena and Nunez and others considered a more general warped case. Since all one wants is a low energy four-dimensional theory with a small positive cosmological constant, we can in fact compactify to five-dimensional space so long as the boundary conditions induce 4d de Sitter slicing. We will first show this in a theory with five dimensions and then extend the analysis to higher dimensions.
Although we allow general warping, we will find that the only solution with the above assumptions has a negative cosmological constant, but one which has dS 4 slicing so that it looks like expanding de Sitter space from a four-dimensional perspective. This is exactly the warped solution sliced by de Sitter space found in refs [28] [29] [30] [31] [32] [33] [34] ,
To show this, we allow for general warping with respect to the extra dimension, with the restriction that 4d slices have a metric that looks like de Sitter space. In 5d, we're left with the following effective line element: ds 2 = −f (y) 2 dt 2 + g(y) 2 e 2H(y)t δ ij dx i dx j + dy 2 .
(A. 6) In order that the stress-energy tensor corresponding to this metric has no off-diagonal components, we must have H(y) = H, g(y) ∝ f (y), (A.7)
so that ds 2 = f (y) 2 −dt 2 + a 2 0 e 2Ht δ ij dx i dx j + dy This is precisely of the form of a bulk AdS metric with curvature k = 1/L with de Sitter slicing. To complete the analysis in this case and realize a potentially physical geometry we would need to impose boundary conditions. As advertised, this could lead to AdS de Sitter.
There is an important interesting general lesson here. Space can appear to be de Sitter from a four-dimensional perspective, even though the overall cosmological constant and even that for a lower-dimensional five-dimensional world is negative-in principle more accommodating to supersymmetry at higher energies. Now we'll see how the solution is modified if we enlarge to a product space. we consider here a simple attempt with an extra compact sphere. in which ds 2 4 is the 4-dimensional de Sitter line element, as above. The Einstein tensor is modified: This geometry will be sourced by a bulk CC only when r 2 = − 4AB H 2 = −k 2 (A.22)
As described above, real and positive H requires A and B to have the same sign, so that this condition amounts to negative curvature in the extra dimensions with curvature set by the AdS scale of the 4D space. (Note that there is another solution for which k is imaginary, A and B have opposite signs, and both H and r are real and positive, but it is sourced by a positive bulk CC rather than a negative one.) This has some overlap with what was found for string constructions, where a negative curvature ingredient can play an essential role [95] .
B 5d Cosmology
We review here how cosmology works in the presence of a stabilizing field as was done in [45] . In terms of a metric ds 2 = n(y, t) 2 dt 2 − a(y, t) 2 (dx 2 1 + dx 2 2 + dx 2 3 ) − b(y, t) 2 dy 2 , ≡g AB (x, y)dx A dx B .
with two branes are located at y = 0 and at y = 1/2 Ref. [45] parameterized the equation for the perturbation in the metric using the ansatz a(t, y) = e Ht e −|y|m 0 b 0 (1 + δa(y)), n(t, y) = e −|y|m 0 b 0 (1 + δa(y)), b = b 0 . where the overall constant has been fixed such that δa(0) = 0. The remaining two constants, α and H 2 have to be fixed such that the jumps of this function at the two branes reproduce the matter perturbation that we are including. The result is given by The conclusion is that if α can be neglected, 4d cosmology reduces to the conventional Hubble Law. The IR distortion of the geometry proportional to δV is precisely what is required to change the curvature by the amount in the IR necessary to remove the mismatch in brane tension. Large perturbations in the IR distory the geometry exactly as is expected from the radion potential.
